physiological characterization of RV remodeling in a murine model of pulmonary stenosis. Am J Physiol Heart Circ Physiol 295: H1351-H1368, 2008. First published June 27, 2008 doi:10.1152/ajpheart.91526.2007 dysfunction is a common long-term complication in patients after the repair of congenital heart disease. Previous investigators have examined the cellular and molecular mechanisms of left ventricular (LV) remodeling, but little is known about the stressed RV. Our purpose was to provide a detailed physiological characterization of a model of RV hypertrophy and failure, including RV-LV interaction, and to compare gene alterations between afterloaded RV versus LV. Pulmonary artery constriction was performed in 86 mice. Mice with mild and moderate pulmonary stenosis (PS) developed stable hypertrophy without decompensation. Mice with severe PS developed edema, decreased RV function, and high mortality. Tissue Doppler imaging demonstrated septal dyssynchrony and deleterious RV-LV interaction in the severe PS group. Microarray analysis showed 196 genes with increased expression and 1,114 with decreased expression. Several transcripts were differentially increased in the afterloaded RV but not in the afterloaded LV, including clusterin, neuroblastoma suppression of tumorigenicity 1, Dkk3, Sfrp2, formin binding protein, annexin A7, and lysyl oxidase. We have characterized a murine model of RV hypertrophy and failure, providing a platform for studying the physiological and molecular events of RV remodeling. Although the molecular responses of the RV and LV to afterload stress are mostly concordant, there are several key differences, which may represent targets for RV failure-specific therapy. gene expression; right ventricle; tetralogy of Fallot THE RIGHT VENTRICLE IS UNIQUELY at risk in patients with complex congenital heart disease involving right-sided obstructive lesions (e.g., tetralogy of Fallot, tetralogy/pulmonary atresia) and in patients with systemic right ventricles (1, 40, 46) . Increased stress on the right ventricle in the form of increased hemodynamic loading (pressure and/or volume) may result in abnormalities in cardiac structure, function, metabolism, coronary perfusion, neurohormonal activation, and molecular signaling. These stresses lead to both adaptive and maladaptive structural and molecular remodeling of the right ventricle and deleterious effects on the left ventricle through ventricular-ventricular interaction and may limit long-term survival (3, 7, 29, 42) . For many of these patients, detrimental conditions for the right ventricle exist throughout life, even after successful repair or palliation. As surgical techniques for the primary repair of complex forms of congenital heart disease improve, long-term survival and quality of life will depend on our ability to preserve long-term right ventricular (RV) function. Decisions regarding the ideal time for surgical reintervention will need to be based on more quantitative rather than qualitative measures.
THE RIGHT VENTRICLE IS UNIQUELY at risk in patients with complex congenital heart disease involving right-sided obstructive lesions (e.g., tetralogy of Fallot, tetralogy/pulmonary atresia) and in patients with systemic right ventricles (1, 40, 46) . Increased stress on the right ventricle in the form of increased hemodynamic loading (pressure and/or volume) may result in abnormalities in cardiac structure, function, metabolism, coronary perfusion, neurohormonal activation, and molecular signaling. These stresses lead to both adaptive and maladaptive structural and molecular remodeling of the right ventricle and deleterious effects on the left ventricle through ventricular-ventricular interaction and may limit long-term survival (3, 7, 29, 42) . For many of these patients, detrimental conditions for the right ventricle exist throughout life, even after successful repair or palliation. As surgical techniques for the primary repair of complex forms of congenital heart disease improve, long-term survival and quality of life will depend on our ability to preserve long-term right ventricular (RV) function. Decisions regarding the ideal time for surgical reintervention will need to be based on more quantitative rather than qualitative measures.
Developing a better understanding of the molecular mechanisms of RV remodeling will assist in developing new therapeutic modalities to diagnose, prevent, and treat RV dysfunction. Although there are considerable data on the molecular events underlying afterload-induced left ventricular (LV) remodeling, there is little information for the right ventricle and some evidence to suggest that the stress responses of the right and left ventricles may be different. In the past, it was believed that differences in global structure and loading conditions represented the main differences between the right and left ventricles. However, recent work has shown an increasing divergence in the anterior and primary heart field pathways leading to the differentiation of RV versus LV cardiomyocytes during early development (46) and chamber-specific differences in cell signaling and calcium handling, suggesting fundamental differences between the right and left ventricles at the cellular level as well (10, 32, 34, 54, 72) . Recent studies suggest that standard pharmacotherapies used to treat LV dysfunction may not be as effective in patients with dysfunction of a systemic right ventricle (18) . The development and characterization of a murine model of the afterloaded right ventricle will add significantly to our knowledge of chamberspecific molecular responses to stress and provide the basis for the further dissection of molecular pathways using the wide range of transgenic and gene knockouts for specific signaling components.
We utilized a murine model of RV pressure overload hypertrophy and RV failure using pulmonary artery (PA) constriction (PAC). The purpose of the current study was to, first, provide a detailed physiological characterization of this model, including a documentation of the effects of RV-LV interaction using tissue-Doppler imaging (TDI). TDI has emerged as a leading technique for the assessment of ventricular dyssynchrony using data obtained from myocardial motion (17, 57) . TDI-derived strain has been shown to be an excellent index of regional myocardial function because it is less influenced by overall cardiac motion (24, 25, 61) . Although the usefulness of TDI has been shown in the assessment of LV function in mice (58) , data on RV function are lacking. We also sought to provide the first evaluation of genome-wide transcriptional alterations associated with RV pressure loading as well as a preliminary comparison of gene changes in the afterloaded RV versus LV.
METHODS

Model of PAC.
All mice were male FVB, aged 8 to 10 wk. Anesthesia was induced with pentobarbital sodium (50 mg/kg ip). Mice were then intubated transtracheally with a 20-gauge angiocath and ventilated artificially using a Harvard rodent ventilator (Harvard Apparatus, Holliston, MA) at a rate of 120 -140 breaths/min with a tidal volume of 10 l/g body wt. Maintenance anesthesia was provided with 1% to 2% isoflurane. A right lateral thoracotomy was then performed. The main pulmonary trunk was identified under the left atrial appendage and banded with a 7-0 suture, tied tight against a 27-gauge needle, which was then removed. The chest was then closed with 7-0 sutures around adjacent ribs, and the skin was closed with 5-0 suture. Air was evacuated to avoid the need for a chest tube postoperatively. Our laboratory has previously shown the importance of using true sham controls in studies of gene expression in the afterloaded LV (73) , so all age-and strain-matched controls in this study were subjected to the same operative procedure, including the dissection of the main PA, with the sole exception of the placement of the band.
Echocardiography and TDI. Echocardiographic images were acquired with a GE Vivid 7 ultrasound system (GE Healthcare, Milwaukee, WI) equipped with both 13-and 10-MHz transducers. Mice subjected to pulmonary banding and sham-operated controls underwent echocardiography at 7 days postoperative to evaluate the status of the surgical intervention and obtain hemodynamic data. Doppler signals analyzed included maximum pulse wave Doppler and velocity-time integral (VTI), with angle correction, in the RV outflow tract (RVOT) to estimate the peak pressure gradient (PPG) and mean pressure gradient (MPG) between the RV and PA. Cardiac output was calculated as VTI ϫ RVOT area ϫ heart rate (HR) (70) .
Mice were divided into three groups based on echocardiographic findings. Mice with a PPG of Ͻ20 mmHg were excluded from further study (n ϭ 2). Mice with a PPG of 20 -35 mmHg and without RV enlargement (Fig. 1A) were included in the mild pulmonary stenosis (PS) group. Mice with PPG between 35 and 60 mmHg but without evidence of flattening of the interventricular septum and without evidence of heart failure were included in the moderate PS group. Mice with an RV-PA PPG between 35 and 60 mmHg and with evidence of RV enlargement and either a flat interventricular septum or concave septal shift encroaching into the left ventricle (Fig. 1, B and C) were included in the severe PS group. As will be seen below, these mice also had evidence of right-sided heart failure [increased RV end-diastolic pressure, tricuspid regurgitation (Fig. 1D) , and peripheral edema]. Peripheral edema was assessed both visually and by increases in body weight (BW) and liver weight.
LV fractional shortening (FS), LV diastolic dimension, and HR were calculated from M-mode echocardiograms in the parasternal short-axis view at the level of papillary muscles. RVOT dimension and RVOT FS were measured from the RVOT view at the level of the aortic valve. TDI was performed to assess RV function and RV-LV interaction. TDI images were collected in the apical four-chamber view at frame rates of 477 frames/s and at depths of 1 cm. The region of interest was placed at the tricuspid valve annulus to evaluate RV free wall maximum velocity, and analysis was performed offline with the use of commercially available Echo Pac software (GE Healthcare).
ECG and invasive hemodynamic parameters. ECGs were recorded to assess intra-RV conduction using Chart for Windows v4.1 (AD Instruments, Colorado Springs, CO). For invasive hemodynamic evaluation, a 1.4 F transducer-tipped micromanometer catheter (Millar Instruments, Houston, TX) was inserted via the right jugular vein to determine RV pressure and change in pressure over time (dP/dt) as described previously (56, 68) . Steady-state data were measured over an average of 10 beats. Organ weight and histopathology. Whereas all echocardiographic measurements were performed at 7 days, all morphometric and gene expression analysis studies were performed at 10 days after PAC. This 3-day break was introduced to minimize gene changes secondary to the stress of anesthesia at the time echocardiography (73) . At 10 days after PAC, the heart and liver were excised, and their weights were determined. The heart was separated into right and left ventricles and the septum. From the mid-RV and mid-LV, transverse 5-m sections were cut and stained with wheat germ agglutinin and 4-6-diamidino-2-phenylindole to determine the myocyte cross-sectional area. The cardiomyocyte cross-sectional area was measured with the use of a Leica imaging system (Leica Microsystems, Exton, PA). At least 60 cardiomyocytes were examined in each heart (n ϭ 3) for a total of 180 cardiomyocytes for each condition, and the data were averaged (2) .
Gene microarrays. Samples were obtained from the RV free wall 10 days after either PAC or sham operation. Mice with severe PS were used for gene expression studies (n ϭ 16). Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA), and RNA was then reverse transcribed to double-stranded cDNA. Labeled cRNA was synthesized by the incubation of 1 g cDNA with biotin-labeled ribonucleotides and RNA polymerase for 5 h at 37°C using the BioArray High Yield RNA transcript labeling kit (Enzo Diagnostics, Farmingdale, NY). Biotin-labeled cRNAs were then fragmented by heating and hybridized onto microarrays composed of 38,467 70mer oligonucleotide probes representing over 25,000 genes, essentially the entire mouse transcriptome. The array includes 35,302 well-annotated probes targeting mouse genes and alternative exons, as well as multiple spots for biological and technical controls. For more details on the microarray platform and our methods for quality control, see Wagner et al. (71) , Zhao et al. (73) , and the Stanford Functional Genomics Web site (60) . Microarrays were scanned on an Agilent G2565AA microarray scanner. Quantitative RT-PCR (QRT-PCR) was performed for each of the major differentially expressed genes in DISCUSSION for verification. Gene expression data from RV samples after PAC were then compared with LV samples obtained from mice after 10 days of aortic banding [transverse aortic constriction (TAC)], obtained from previous studies from our laboratory (73) .
Microarray analysis. Statistical analysis was performed using Stanford microarray database software, with subsets of the data exported to the Institute for Genome Research Multiple Array Viewer (55) , significance analysis of microarrays (SAM), and classification software such as prediction analysis of microarrays (62, 67) . Clustering algorithms used include two-dimensional hierarchical clustering analysis, K-means clustering, ingenuity pathway assist (Ingenuity Systems, Redwood City, CA), and self-organizing maps (59, 63) . These analyses identify smaller clusters of genes with distinct expression patterns that highlight distinct characteristics of subsets of the experimental samples. Gene ontology (GO) overrepresentation analysis was used to identify biological processes which were up-or downregulated. Groups of genes identified as differentially regulated were analyzed for GO class overrepresentation using Fisher's exact test.
Model of TAC. RV gene expression during PAC was compared with LV gene expression during TAC as published previously (73) . Anesthesia was induced with 3% isoflurane and maintained with 1.5% isoflurane. TAC was performed via a left thoracotomy incision, avoiding the pleural space and, hence, the need for artificial ventilation, as described by Rockman et al. (52) . A 7-0 silk suture was placed around the transverse aorta between the left common carotid artery and the brachiocephalic trunk and tied tight around both the aorta and a 27-gauge needle, which was then removed, yielding a reproducible degree of constriction. LV myocardium was obtained at 10 days postoperatively and hybridized to Affymetrix U74Av2 mouse genome arrays (Affymetrix, Santa Clara, CA), containing 12,488 known genes and expressed sequences tags (ESTs). Details of the analysis of these samples have been published previously (73) .
Statistical analysis. The XL stat software (Addinsoft) was used. Values are expressed as means Ϯ SD. Statistical significance of differences in mean values of physiological parameters from shamoperated and PAC (mild, moderate, and severe PS) mice were assessed by one-way ANOVA with Fisher's paired least significant difference post hoc testing using Statview software (SAS, Cary, NC). A probability value Յ0.05 was considered significant.
Animal care. All procedures were performed in accordance with National Institutes of Health standards and were approved by the Fig. 2 . Kaplan-Meier survival curves comparing mice with mild PS (n ϭ 5), moderate PS (n ϭ 13), and severe PS (n ϭ 16) after pulmonary artery (PA) constriction (PAC). Survival half-time was 19.6 days in severe PS vs. 50.8 days in moderate PS. None of the mice with mild PS died by 100 days, which was the end of our study. There was a significant difference between moderate PS and severe PS survival (P Ͻ 0.001 by log-rank analysis). 
RESULTS
Survival and evidence of right heart failure. PAC was performed on 86 male FVB mice. In the early phase of our studies, four mice died during the procedure due to hemorrhage from the PA. Subsequent survival has been 100%. Echocardiographic evaluation to assess RV-PA PPG was performed on postoperative day 7 in 82 mice. Two mice with an RV-PA PPG of Ͻ20 mmHg were excluded, leaving 80 mice for further study. Thus, after a short initial learning curve, PAC can be successfully performed in 92% of mice.
Thirty-nine mice were categorized into the severe PS group with evidence of RV enlargement and either a flat interventricular septum or concave septal shift (Fig. 1, B and C) . Twenty-nine mice were categorized into the moderate PS group without a flattening of the interventricular septum, and 12 mice were categorized into the mild PS group (Fig. 1A) . Within each group, one subgroup was evaluated by weekly echocardiography and survival analysis performed by a logrank analysis of Kaplan-Meier curves (Fig. 2 ). There was a significant difference in survival between the mild, moderate, and severe PS groups. All mice with mild PS survived to 100 days, which was the end of our study. In contrast, the mean survival was 50.8 days in the moderate PS group and only 19.6 days in the severe PS group (P Ͻ 0.001).
There was no significant difference between groups in BW or in HR at 7 days postoperative (Table 1) ; however, all mice with severe PS developed signs of right heart failure with peripheral edema by 7 days postoperative (Fig. 3A) . The edema was moderate in 35 mice and severe in four mice. No mice with mild or moderate PS developed peripheral edema. Electrocardiographic findings 1 wk after PAC. ECGs were performed 1 wk after PAC in five mice with mild PS, in 13 mice with moderate PS, and in 16 mice with severe PS. Eleven of the 16 (69%) mice with severe PS developed a widened QRS with an rsRЈ pattern [incomplete right bundle branch block (iRBBB)] along with ST-T elevations (Fig. 3B) . None of the mice with mild or moderate PS developed ECG abnormalities.
Echocardiographic findings 1 wk after PAC. Characteristics of each PAC group and sham-operated controls at postoperative day 7 are shown in Table 1 . Mice with moderate PS showed a mild enlargement of the RV (as assessed by the short-axis RVOT diameter) versus that of mice with mild PS and sham-operated controls. In contrast, mice with severe PS showed a markedly enlarged RV chamber (increased by 44%) and either flattening (Fig. 1B) of the septum or bowing of the septum into the LV, with the LV assuming a crescent-shaped appearance in the short-axis (Fig. 1C) . In all mice with severe PS, there was also evidence of tricuspid regurgitation ( Fig.  1D ), which was not present in mice with mild or moderate PS.
RV-LV interaction and LV dyssynchrony. Color M-mode echocardiograms in mild and moderate PS showed that interventricular septal (IVS) motion was coordinated with the LV free wall, whereas there was paradoxical septal motion during systole in severe PS (Fig. 4A) . Combined with the right bundle branch block, this resulted in intraleft ventricular dyssynchrony, similar to that seen in many patients with repaired tetralogy of Fallot. The delay between anterior LV free wall and posterior septal maximal excursion averaged 33.3 Ϯ 15.6 ms in mice with severe PS. TDI also showed significant septal-LV free wall dyssynchrony, which was present only in mice with severe PS (Fig. 4B ). Left ventricle diastolic dimension (LVDd) was significantly lower in severe PS versus the other groups (Table 1) . Because of the marked decrease in LV volume, M-mode-derived LV FS was increased; however, RVOT FS was reduced in the severe PS group (see Serial changes in LV and RV function), and cardiac output (CO), derived by Doppler echocardiography, was significantly reduced in mice with severe PS (Table 1) .
Serial changes in LV and RV function. LV FS was increased at 1 wk in severe PS, as LV dimensions were decreased secondary to the septal shift (Fig. 5, top) . LV FS was not different from control in mild and moderate PS. LV FS did not change significantly over the course of 5 wk in any of the three groups. In contrast, RVOT FS was significantly reduced at all time points in the severe PS group (P Ͻ 0.001 vs. mild and moderate PS). In the moderate PS group, RVOT FS was initially not different from control, but by 4 wk after PA banding began to decrease (P Ͻ 0.01 vs. control; Fig. 5 , middle). In the mild PS group, RVOT FS remained at normal control levels (based on data obtained from nonbanded mice of similar strain and age in our laboratory) throughout the study period.
Although used with good results in humans and larger animals, TDI has not been utilized extensively in the mouse. We found that RV wall velocity obtained from TDI can be performed with good reliability in this species. Inter-and intraobserver variability for TDI were 8.4 Ϯ 3.1% and 7.2 Ϯ 4.2%, respectively. Serial measurements of RV wall velocity were recorded in mild, moderate, and severe PS groups (Fig. 5,  bottom) . RV wall velocity was significantly reduced at all time points in severe PS group compared with control (P Ͻ 0.001). RV wall velocity started out at control levels and then significantly fell at 4 and 5 wk in the moderate PS group (P Ͻ 0.05). RV wall velocity remained at control levels in the mild PS group.
Invasive hemodynamics. To correlate RV wall velocity obtained from TDI with invasive measurement of RV function, 23 mice representing varying degrees of RV banding (5 controls without PAC, 2 with mild PS, 9 with moderate PS, and 7 with severe PS) were catheterized at different time points after PAC. Echocardiographic and hemodynamic studies were done concurrently under the same anesthetic conditions. RV systolic pressure and dP/dt increased immediately after the placement Fig. 5 . Serial evaluation of LV and RV function in mice with PAC. Top: LV fractional shortening (FS) was increased at 1 wk (w) in severe PS (primarily due to reduction in LV cavity size) and normal in mild and moderate PS. There was no significant difference between 1 and 4 wk in each group. Middle: RV outflow tract (RVOT) FS (in %) was decreased at 1 wk in severe PS and normal in mild and moderate PS. There was no further decline in RV FS in severe PS mice; however, RV FS began to decrease in mice with moderate PS by 3 wk. Bottom: RV wall velocity was decreased at 1 wk in severe PS and normal in mild and moderate PS. As with RVOT FS, mice with moderate PS showed a decrease in RV wall velocity by 3 wk. †P Ͻ 0.01 vs. 1 wk; *P Ͻ 0.01 vs. mild and moderate. Data obtained from 12 control mice before any surgical procedure are also shown. of the PA band (Fig. 6A) . RV end-diastolic pressure (RVEDP) was increased at 6 h after PAC (vs. pre, P Ͻ 0.01) and recovered by 24 h. At 10 days after PAC, mice with mild and moderate PS had mild elevations in RVEDP. In contrast, those with severe PS had significant elevations in RVEDP (P Ͻ 0.01; Fig. 6B ). There was an excellent correlation (r ϭ 0.833; P Ͻ 0.0001) between noninvasive measurements of RV free wall velocity and invasive measurements of RV maximal dP/dt (dP/dt max ; Fig. 6C ), indicating that RV free wall velocity is a reasonable surrogate for measurements of RV dP/dt when serial measurements are required.
Pathology and morphometrics. Table 2 shows heart weight data from each of the three groups at 10 days postoperative. In the severe PS group, heart weight and heart weight-to-BW ratio were markedly increased. All of this increase in weight was due to the increased weight of the RV, which increased by 80%, with no significant change in LV weight. The RV-to-BW ratio was also significantly increased in the moderate PS group. Additional evidence of RV failure in the severe PS group was manifested by an increase in liver weight/BW by 22%, which was not present in the mild and moderate PS groups.
A microscopic evaluation showed that the RV cavity was significantly dilated at 10 days in the severe PS group (Fig. 7A ). The average area of RV myocytes was significantly increased in moderate PS versus control (340.9 Ϯ 20.7 vs. 203.0 Ϯ 6.2 m 2 ; P Ͻ 0.01) and even further increased in severe PS (454.5 Ϯ 10.2 m 2 ; P Ͻ 0.01; Fig. 7 , B and C). In all mice with PS, the degree of PS correlated well with the RV-to-BW ratio (r ϭ 0.692) and to histological evidence of cardiomyocyte hypertrophy (r ϭ 0.768). There was no evidence of fibrosis or inflammation.
Gene expression in the afterload-stressed RV. RV samples from 16 severe PS mice at 10 days postoperative and from 16 sham controls were hybridized to gene microarrays, and data were analyzed using SAM and Fisher's exact test algorithms to rigorously identify differentially expressed genes and GO biological processes. Relative gene expression was expressed as the fold difference in gene expression in PAC RV versus sham RV. One-hundred ninety-six genes were upregulated and 1,114 genes were downregulated in the PAC RV compared with those of controls (Tables 3 and 4 ). Fisher's exact test was applied to the 8,773 unique GO annotated genes on the array to identify statistically significantly enriched and depleted GO groups in the PAC RV (Table 5 ). Among the most significantly upregulated processes were phosphate transport, regulation of coagulation, inorganic anion transport, and cell adhesion, which includes most of the collagens as well as other extracellular matrix (ECM) genes. Downregulated processes were dominated by energy pathways.
Some interesting genes related to cardiac function were increased in severe PS versus sham RV. For each of these genes, altered expression was verified by QRT-PCR (Fig. 8) . Periostin (16.0 fold) was the most dramatically increased in the PAC RV. This gene is highly expressed in the myocardium in patients with heart failure (30) . Periostin expression is positively regulated by transforming growth factor (TGF)-␤ (27) , and Ingenuity Pathway Assist gene pathway analysis demonstrated a pattern of both the up-and downregulation of multiple Fig. 6 . Invasive hemodynamics. A: maximal change in pressure over time (dP/dtmax) increases immediately after PA banding (arrow). Tracing shows continuous measurements over 5 min. B: RV end-diastolic pressure (RVEDP) was significantly elevated at 6 h after banding and returned to baseline levels by 24 h. At 10 days (d), in mice with severe PS, RVEDP was significantly increased compared with that of pre-PAC (*P Ͻ 0.01) and compared with that of mild and moderate PS (*P Ͻ 0.01). Prebanding, n ϭ 3 at 6 h, n ϭ 3 at 24 h, n ϭ 3 at 10 day; mild, n ϭ 4 at 10 day; moderate, n ϭ 5 at 10 day; severe, n ϭ 5 at 10 day. C: there was a good correlation between RV free wall velocity obtained from TDI and dP/dtmax measured at various time intervals from 6 h to 10 day (r ϭ 0.833; P Ͻ 0.0001; n ϭ 23).
transcripts in the TGF-␤ signaling pathway, which could be the subject of future study once verified by PCR. Other transcripts with marked upregulation in the PAC RV included lysyl oxidase (LOX; 7.7 fold), microfibrillar-associated protein 4 (7.5 fold), and secreted acidic cysteine rich glycoprotein (3.5 fold), related to ECM proteins and their cross-linking enzyme.
We next compared gene expression data from mice after PAC with data from our previous study of mice after 10 days of LV afterload stress using TAC (73) . Many genes were upregulated in both the PAC RV and TAC LV, since many of the same processes of matrix remodeling, metabolic changes, and actin cytoskeletal alterations must necessarily occur in both models of afterload stress. However, there were several transcripts that showed significant differential regulation in the afterload stressed RV but not in the LV (Table 6 ). Those which were upregulated in the PAC RV but not in the TAC LV included three from the upregulated GO biological process Wnt signaling: Dickkopf 3, Sfrp2, and Wif1. Other important RV-specific upregulated genes include annexin A7, clusterin/ apolipoprotein J, neuroblastoma suppression of tumorigenicity 1 (Nbl1), formin binding protein (Fnbp4), and LOX.
DISCUSSION
RV dysfunction is a common cause of long-term morbidity in many patients with congenital heart defects, especially those producing RV pressure overload (RVOT obstructions such as tetralogy of Fallot) and those with systemic right ventricles (e.g., hypoplastic left heart syndrome) (21, 41, 42) . For many of these patients, despite incredible progress in surgical repair or palliation, long-term survival and quality of life will depend on our ability to preserve long-term RV function. Although there are considerable data on the molecular events underlying afterload-induced LV remodeling, there is little information on molecular events in the afterloaded RV. The complex geometry of the RV and differences in physiology with respect to the LV, however, make RV failure difficult to assess both clinically and in the laboratory. The response of the RV to increased afterload consists of both hypertrophy and enlargement, dilation of the tricuspid valve annulus leading to tricuspid regurgitation, and leftward displacement of IVS, leading to alterations in LV diastolic function, which can be significantly compromised by deleterious ventricular-ventricular interaction.
We have adapted a previously described model of RV afterload stress (51), with updated and detailed physiological and genomic characterization. This model shows many characteristics of both acute and chronic RV failure encountered in clinical settings: RV dilation, right bundle branch block, tricuspid regurgitation, leftward septal shift, right-sided heart failure, and decreased survival. Although there are a few previous reports of PAC in mice and rats (8, 20, 51, 53, 64) , none has characterized the physiological response as clearly. Values are means Ϯ SD; n, no. of mice/group. These sham and severe pulmonary stenosis (PS) groups were used for gene microarray studies. *P Ͻ 0.001 vs. control. HW, heart weight; LVW, LV weight; RVW, RV weight; Sep, interventricular septal weight. The significance analysis of microarrays (SAM) algorithm was employed to identify genes with statistically different expression levels between PA-banded and sham tissues. SAM incorporates a false discovery rate (FDR) correction for multiple testing errors and calculates a d statistic for each gene based on the ratio of change in gene expression to SD in the data for that gene (Ref. 18 ). *Out of a total of 196 significantly upregulated genes and expressed sequence tags (ESTs). 
Continued
We analyzed our PAC model by dividing subjects into three groups based on the degree of pressure gradient between the RV and PA and the presence or absence of IVS shift. Our results show that mice with severe PS have significantly decreased survival compared with those with mild PS, with the moderate group having a survival intermediate between the other two groups. These data suggest that our mild and moderate PS groups represent a reasonable model of chronic RV dysfunction and that our severe group represents a good model of acute decompensated RV function. This reconstructed natural history is also similar to those models of LV outflow tract obstruction (TAC) associated with LV failure (37) . Although it could be argued that mice in our severe group would not meet the clinical criteria used in humans to qualify for severe PS based on outflow tract gradient alone, mice in this group did have evidence of RV failure, including significant RV dilation, decreased RV wall motion, elevation of RVEDP, decreased CO, clinical evidence of right-sided heart failure, and decreased survival. In these animals, the lack of a higher RV-PA gradient may reflect the lower CO in the severe PS group, as well as the temporal difference between an artificial animal model (with the acute onset of RV outflow obstruction) versus that in humans with congenital heart disease (with chronic RV outflow obstruction allowing the gradual development of RV hypertrophy and chronic adaptation).
In all groups of mice with PS, the degree of PS correlated well with RV weight-to-BW ratio and to histological evidence of cardiomyocyte hypertrophy. Previous reports in PA-banded rats (8, 20, 53) describe the doubling of RV weight after banding for 3 wk (8), although no histological data were presented. There are two previous reports describing the technique of PAC in mice (51, 64) ; however, these reports provide minimal details concerning physiological variables.
An accurate estimation of RV diastolic dimension by ultrasound is difficult not only in mice but in humans as well. We used RVOT dimension and RVOT FS to quantify RV dilation and function (43) . These data show that RV function is preserved in mild and moderate PS and significantly decreased in severe PS. All mice with severe PS had evidence of tricuspid regurgitation, which also differentiated them from the mild and moderate groups. Tricuspid regurgitation is used clinically as a sign of RV dilation and dysfunction in humans with congenital heart disease and RV outflow obstruction (42, 50) . Increased RV size, whether due to increased preload (atrial septal defect) or afterload (sleep apnea, primary pulmonary hypertension, pulmonary embolus), leads to iRBBB in humans. Mice with severe PS showed iRBBB, also differentiating them from mice with mild or moderate PS. Other signs of right heart failure in the severe PS group included increases in liver weight to BW and the development of peripheral edema. The clinical assessment of RV failure has been based primarily on echocardiography, although magnetic resonance angiography is playing an increasingly important role (31) . Recent human studies show that TDI holds promise for providing an accurate assessment of RV function, e.g., peak systolic velocity at the basal tricuspid annulus (9, 26, 39) . In this study, we demonstrate that RV wall velocity can be obtained noninvasively in mice using TDI and that TDI-derived RV wall velocity correlates well with dP/dt max obtained from invasive hemodynamic studies. This suggests that TDI can be useful in the serial evaluation of murine models or RV failure, in which the chronic micromanometer catheterization of the RV is not feasible. The relationship between LV wall velocity and dP/ dt max in mice has already been established and shows a similarly strong correlation (58) .
One of the major problems in RV failure is the negative ventricular-ventricular interaction mediated in part through septal shift, encroaching into the LV cavity, and impairing LV diastolic function (6, 28, 69) . Our model of severe PS accurately recapitulates this process, with elevation of RVEDP, shift of the septum into the LV, and decreased CO. Using echocardiography, we were able to quantify the degree of intra-LV dyssynchrony by using TDI to measure the offset between septal and LV free wall contraction. Also interventricular dyssynchrony could be measured from the time difference of peak systolic velocity at the base of the tricuspid and mitral valves.
There have been multiple previous studies of increased RV afterload in many mammalian models, including cats (15, 47) , dogs (22, 45) , pigs (4, 16) , rabbits (5, 19, 23) , and rats (8, 11, 20, 33, 36, 53) . The advantages of a well-characterized murine model, particularly in the ability to alter murine gene expression, are well known. Rockman et al. (51) published a similar model of PAC in the mouse, although the degree of physiological characterization was less and the examination of gene expression changes was limited to a standard panel of heart failure genes.
There have been few prior studies of gene expression changes in the stressed RV. Several have examined RV gene expression associated with pulmonary hypertension (11, 33) . In rats with monocrotaline-induced pulmonary hypertension, Buermans et al. (11) compared gene expression by microarray in compensated or decompensated RV hypertrophy. Ventricles destined to progress to failure showed an activation of proapoptotic pathways, particularly related to mitochondria, whereas the group with compensated hypertrophy showed blocked pro-death effector signaling via p38-MAPK, through the upregulation of MAPK phosphatase-1. Kogler et al. (33) also using a monocrotoline model, studied the altered regulation of calcium regulatory genes, finding a downregulation of sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA)2a, phospholamban (PLB), and the ryanodine receptor. LekanneDeprez et al. (36) used a PA banding model in the rat to investigate alterations in the expression of selected genes during the transition from compensated RV hypertrophy to failure. PA banding resulted in an induction of atrial natriuretic peptide, a moderate increase in collagen III ␣1, and a decrease in SERCA2 and PLB (36) . However, in contrast to the current study, these authors did not utilize a genome-wide approach.
We found that in the afterload stressed RV, 196 genes were upregulated and 1,114 genes were downregulated compared with sham-operated controls. The importance of comparing surgical subjects with sham controls has been well established. Our laboratory has previously described the marked and prolonged gene expression changes that can be introduced even by sham operation (73) .
The RV and LV share many common pathways, which are either up-or downregulated during the development of pressure overload, since many of the same processes of matrix remodeling, metabolic changes, and actin cytoskeletal alterations must necessarily occur in both. GO analysis, to identify significantly enriched and depleted groups, showed the most significantly upregulated processes were in the categories of phosphate transport, regulation of coagulation, inorganic anion transport, and cell adhesion. Downregulated processes were dominated by energy pathways. Periostin, the transcript with the greatest fold change (16.0 fold) in the PAC RV, is also increased in the TAC LV. Periostin is a secreted protein involved in bone formation and cell-cell adhesion. It is upregulated in the Syrian hamster model of heart failure (69) and expressed in cardiac fibroblasts and implicated in cardiac dysfunction (38) . The overexpression of periostin causes LV dilation and an increase in collagen deposition (30) . In contrast, the inhibition of periostin improves LV function in Dahl salt-sensitive rats (30) . Periostin knockout mice also show less fibrosis and hypertrophy after TAC or myocardial infarction (44) . LOX (upregulated 7.7 fold), microfibrillar-associated protein 4 (7.5 fold), and secreted acidic cysteine rich glycoprotein (3.5 fold) are additional ECM proteins that may contribute to progressive ventricular remodeling, dilation, and heart failure (48) .
Despite these commonly expressed gene programs, there are several important differences between the afterload stressed RV and LV. Several transcripts showed a significant differential upregulation in the RV but not in the LV, including three from the Wnt signaling pathway (12, 14) , recognized as one of the major families of developmentally regulated signaling molecules. These included the Wnt inhibitors Dickkopf 3 (4.2 fold), Sfrp2 (7.5 fold), and Wif1 (1.6 fold). Other important RV-specific upregulated genes include annexin A7 (3 fold), which has been associated with the regulation of calcium handling in cardiomyoctes (13) , and clusterin/apolipoprotein J (2.5 fold), which has a nearly ubiquitous expression pattern in human tissues. Clusterin is differentially regulated in many severe physiological disturbances including cell death, aging, cancer progression, and various neurological diseases (65) . Clusterin protects cardiomyocytes against ischemic cell death via a complement independent pathway (35) ; however, the function of clusterin remains an enigma, due to its intriguingly distinct and often opposite functions in different cell types. Several additional genes were differentially regulated in the RV versus LV. Nbl1 is upregulated in the PAC RV (2.8 fold) but slightly downregulated in the TAC LV. Nbl1 is a TGF-␤ antagonist that modulates bone morphogenetic protein (BMP)2 signaling and prevents cells from entering the G1/S phase of the cell cycle. In LV hypertrophy, the activation of the first part of the G1 phase (cyclin D and E) occurs but without progression to the S phase. Nbl1 null mice have no gross phenotype unless crossbred with a Noggin (BMP antagonist) heterozygote, where there are skeletal but no known cardiac defects (49) . The Fnbp4/formin binding protein was upregulated 11.6 fold in the RV compared with only twofold in the TAC LV. Formin is an actin regulator that plays a role in limb morphogenesis. In thymocytes, Fnbp4 is regulated by p53 and involved in cell death pathways. LOX/Lysyl oxidase (5.4 fold) regulates cell migration and actin polymerization through the focal adhesion kinase/Src signaling complex. LOX is also involved in the cross-linking of fibrillar collagens and elastin and is upregulated in myocardial ischemia (66) .
There are several limitations in our methodology, some of which hold true for any small animal model of human disease. Although murine studies are a powerful platform by which to study genetic alterations in cardiac disease, substantial species differences must be acknowledged and findings confirmed in larger mammalian models. We chose a model of PA banding because residual RVOT obstruction is one of the major longterm sequelae in patients with repaired congenital heart disease, including tetralogy of Fallot, corrected transposition, and other complex congenital heart lesions where the RV is at risk. Other models, including pulmonary hypertension, add additional variables (altered pulmonary vascular pathology) aside from increased RV afterload, which could result in different gene expression patterns in the stressed RV. Other experimental manipulations required to produce pulmonary hypertension in rodents (e.g., hypoxia) could also have independent effects on the RV myocardium.
There are other limitations inherent to any microarray-based study. These transcriptional profiles provide a snapshot look at gene expression changes, which will vary with time after banding and with a multitude of other physiological changes. They also do not account for the myriad of posttranscriptional changes, which for many signaling pathways involved in hypertrophy and heart failure are the dominant regulators. Gene microarrays are also less sensitive in detecting small changes in gene expression that may still be biologically meaningful. We have used a strategy designed to minimize the number of false negative calls by using four replicate arrays per condition, but it is inevitable that some genes with small but meaningful changes in gene expression will not be identified using our stringent statistical analyses. Our laboratory has also shown previously that the accuracy of gene microarrays is more limited for genes with very low expression levels (73) . Finally, there are limitations to our study in our comparison of gene expression in the RV with the LV. Although we obtained samples at similar time points after PAC and TAC, it is not possible to totally equalize the degrees of afterload stress between the two ventricles, given that the LV normally is exposed to systemic arterial pressure and the RV to the considerably lower PA pressure. Further investigation of RV-LV differential gene expression is thus warranted, with multiple additional time points as well as varied degrees of afterload stress, well beyond the scope of the present methodological study. Ultimately, one or more of these genes may provide utility as a biomarker for the early prediction of clinical outcome as well as a potential therapeutic target for patients with RV failure. A physiologically well-characterized murine model of PS should provide a valuable platform for these studies.
